The microbial community structure and functionally distinct groups in three kinds of produced water samples from the shallow, mesothermic and low-salinity Daqing oil reservoir were systematically evaluated using both culture-dependent and culture-independent methods. Sequence analysis of the 16S rRNA genes indicated that the bacterial library was dominated by Acinetobacter and Arcobacter and the archaeal community was dominated by Methanosaeta and Methanolinea. Two isolated methanogens were closely related with Methanothermobacter thermautotrophicus and Methanoculleus receptaculi.
Introduction
Over the past decades, a body of observations have highlighted the great diversity of indigenous microorganisms in subsurface petroleum reservoirs, as well as in the exogenous microorganisms introduced to reservoirs in drilling et al, 1993) . Physiological types isolated from these special biotopes include fermentative organisms, methanogens, manganese and iron reducers, acetogens, sulphate reducers, aerobic organisms and nitrate reducers (for reviews see Magot et al, 2000) . Nevertheless, our current knowledge of the diversity and in situ activities of the microorganisms present in these particular subsurface ecosystems is still limited. The predominant carbon sources used by microorganisms are not been understood.
T h e v a r i o u s a e r o b i c a n d a n a e r o b i c g r o u p s o f microorganism in oil reservoirs are functionally related to oil hydrocarbons degradation, oil-releasing agents (gas, fatty acids, alcohols, polysaccharides and biosurfactants) synthesis, production (Magot et al, 2000) . The technology known as microbial enhanced oil recovery (MEOR) has been applied by either the injection of selected microorganisms with their nutrients into the target petroleum reservoir, or simply the injection of microbial nutrients into the target reservoir to stimulate those indigenous microorganisms that have an oil-releasing capacity. Laboratory investigations and field trials, in close collaboration with the petroleum industry, have indicated that the in situ biophysical and biochemical activities of these microorganisms, as well as their viability, have contributed to an enhancement of oil recovery (Sen, 2008; Brown, 2010) . To understand these activities, the knowledge of the structure of microbial communities in petroleum reservoirs is of great importance.
Daqing Oilfield Co., the largest oil subsidiary of PetroChina, is located in northeast of China, and has maintained an annual crude output of around 40 million tonnes since 2008. In several previous studies, the microbial has been primarily investigated by culture-dependent methods (Zhang et al, 2008) . However, relatively little information is available on the composition of microbial assemblages in this unique subsurface environments, which is partly due to the reliance on cultured-based methods for the recovery and identification of individual oil field isolates and the focus on specific physiological groups of microorganisms, such as methanogens and fermentative microorganisms, rather than the entire subsurface microbial community. The application of various molecular techniques has allowed a more complete characterization of the microbial assemblages inhabiting in deep-seated oil reservoirs, and evidence has increasingly indicated that culture-independent techniques, in particular the analysis of retrieved 16S rRNA genes, are effective in characterizing complex microbial assemblages in environmental samples.
16S rDNA sequence analysis has widely been used to characterize microbial assemblages from high-temperature (>70 ºC) and saline petroleum reservoirs (Orphan et al, 2000; Li et al, 2007) and low-temperature and freshwater petroleum reservoirs (Voordouw et al, 1996; Grabowski et al, 2005) . A parallel measurement using culture-based enrichments, 16S rRNA gene sequence analysis and oligonucleotide matrix array hybridization methods was carried out to investigate the microbial groups encompassing key genera of thermophilic bacteria and archaea of a continental high-temperature oil reservoir in Western Siberia, Russia (Bonch-Osmolovskaya et al, 2003) . A comparable study of the microbial community in a low-temperature, low-salinity and biodegraded petroleum reservoir from a Western Canadian Sedimentary Basin has been reported, which employed a multidisciplinary approach including chemical and geochemical examinations, biodegradation studies, and culture-based and 16S rRNA gene analyses (Grabowski et al, 2005) . However, few comparable studies have been reported in shallow, mesothermic, lowsalinity oil reservoirs. There must be a unique microbial community in this geochemically distinct oil reservoir.
The specific aim of this study is to reveal the bacterial and archaeal community structure in produced water from mesothermic, low-salinity oil reservoirs in the Daqing Oilfield, by construction of 16S rDNA libraries and further also, to isolate indigenous functionally distinct groups that based methods.
Materials and methods

Site description and reservoir conditions
and 45 ºC. Crude oils in the Daqing Oilfield are recovered mainly by water flooding, which has been continuously flooded with recycled produced water. For increasing oil production, polymer flooding operations have been implemented in one thirds of production blocks since 1998. There still exist some special blocks in which oil is produced by water flooding, but the produced water collected from to the belowground connection with some reservoirs where polymer flooding operations were conducted. These special blocks were referred as transitional zone in the following text.
Sample collection
Produced water were collected directly from three distinct randomly selected from each block, and 5 L produced water were collected from each well and mixed together. Samples were taken through sampling valves located on the well head into pre-rinsed barrels filled with nitrogen, after completely with the oil/water/gas mixture (the water cut was around 90%), then sealed to maintain anoxic conditions. The barrels were transported back to the laboratory at ambient temperature and immediately separated into 1 L sterile bottles under protection of pure nitrogen. Samples used for community DNA extraction and construction of 16S rDNA libraries were kept at -20 ºC until use, while, the samples for isolation of functionally distinct groups were stored at 4 ºC and were taken for enrichment culture within one week of collection.
Total community DNA extraction and 16S rDNA
Phase separation of the oil-water emulsion was accomplished by heating to 70 °C for 10 to 20 min in 2-liter phase was separated from crude oil by decantation at room temperature. Microbial biomass from approximately 3.0 L of the water phase was collected by centrifugation at 12,000×g of DNA extraction buffer (100 mol/L Tris-HCl [pH 8.0], 100 mmol/L sodium EDTA [pH 8.0], 100 mol/L sodium phosphate incubated in a 65 °C water bath for 2 h with gentle end-overend inversions every 15 to 20 min. The supernatants were collected after centrifugation at 6,000×g for 10 min at room temperature and transferred into another micro centrifuge tubes. Supernatants were mixed with an equal volume of chloroform isoamyl-alcohol (24:1, v/v). The aqueous phase was recovered by centrifugation and precipitated with 0.6 volume of isopropanol at room temperature for 1 h. The pellet of crude nucleic acids was obtained by centrifugation at 16,000×g for 20 min at room temperature, washed with cold 70% ethanol, and resuspended in a TE buffer to give a to agarose gel electrophoresis and the DNA bands were excised, melted and purified by TaKaRa agarose gel DNA the manufacturer's instructions.
The total community DNA extracted from three produced water samples were used for amplification o f 1 6 S r R N A g e n e s . S m a l l -s u b u n i t r R N A g e n e s w e r e a m p l i f i e d b y P C R u s i n g B a c t e r i a -s p e c i f i c primer (27f, 5'-AGAGTTTGATCCTGGCTCAG-3'; 1492r, 5'-GGTTACCTTGTTACGACTT-3') (Lane e t a l , 1 9 9 1 ) a n d A r c h a e a -s p e c i f i c p r i m e r ( 7 5 1 f , 5 ' -C C G A C G G T G A G R G RY G A A -3 ' ; 1 4 0 6 r, 5 ' -ACGGGCGGTGWGTRCAA -3') (Baker et al, 2003) . The triphosphates, 2.5 U of Taq DNA polymerase, and the buffer supplied with the enzyme (Takara Bio. Inc., Dalian, China). The bacterial 16S rRNA genes were amplified using the following conditions: After an initial denaturation at 94 °C for 5 min, at 94 °C, 1 min of annealing at 55 °C, and 2 min of elongation a 5 min denaturing step at 95 °C followed by 30 cycles of 1 min at 95 °C, 1 min at 55 °C , and 90 s at 72 °C.
Construction and ARDRA analysis of 16S rDNA libraries
PCR products of rrs genes were checked on agarose gel stained with ethidium bromide, followed by purification with TaKaRa agarose gel DNA purification kit (Takara Bio. Inc., Dalian, China). The purified PCR amplicons were ligated into the plasmid vector pMD18-T (Takara Bio. Inc., Dalian, China). Ligation and transformation into Escherichia coli JM 109 competent cells were carried out according to the manufacturer's instructions. Transformants were screened using blue-white selection on LuriaBertani agar plates containing X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside), IPTG (isopropyl-b-D-thiogalactopyranoside) and 100 μg/mL ampicillin. Approximately 240 and 120 white colonies were picked from the bacterial and archaeal library of each produced water sample, respectively. And thus, a total of 720 and 360 white colonies were selected from the bacterial and archaeal libraries, respectively. Positive inserts were screened by PCR with vector-specific primers M13-47 (5'-CGCCAGGGTTTTCCCAGTCACGAC-3') and RV-M (5'-GAGCGGATAACAATTTCACACAGG-3'). PCR was performed as described above, except that the template was added as whole cells. The products were verified by gel electrophoresis. Amplicons of the expected size were simultaneously digested with the restriction enzymes Afa I and Msp fragment length polymorphism (RFLP) products were separated by 10% polyacrylamide gel electrophoresis at 80 V for 45 min. Digital images of the gel were obtained using Gel Doc 2000TM gel documentation systems (Bio-Rad, Hercules, CA, USA). The banding patterns of the clones were compared manually and clones that produced the same ARDRA pattern were grouped into the same Operational Taxanomic Units (OTUs). The distribution of OTUs present in different clone libraries was determined and used to calculate the Shannon-Weaver index H n i · ln(n i ), where n i is the relative contribution of clone type i to the whole library (Shannon and Weaver, 1949) . Coverage is calculated as C =1-n 1 /N, where n 1 is the number of OTUs and N is the number of individuals in sample (Good, 1953) .
Sequencing of partial OTUs and phylogenetic analysis
OTUs occurring more than twice in the libraries were selected for sequence analysis. Template plasmid DNA of representing clones was prepared from overnight cultures of positive transformants by using the Qiaprep Plasmid Miniprep kit (Qiagen, Inc., Chatsworth, Calif.). DNA sequencing was performed with an ABI PRISM BigDye terminator cycle sequencing Ready Reaction kit (Applied Biosystems, Foster City, Calif.) and an ABI PRISM 3700 DNA analyzer (Applied Biosystems). The vector-specific primer M13-47 was used for sequencing. These sequences were checked for chimeric artifacts by the CHECKCHIMERA service provided by the Ribosomal Database Project. Sequences were compared to sequences deposited in the GenBank DNA database by using the BLAST algorithm. The bacterial and archaeal 16S rRNA gene sequences determined in this study were deposited in the GenBank database under accession numbers GQ415364-GQ415385 and GQ415357-GQ415363, respectively.
2.6
Isolation and screening of functionally distinct groups with selective media 2.6.1 Methanogens Enumeration and isolation of methanogens were performed using the modified basal medium containing the following components (per liter distilled water): 20 g NaCl, 0.9 g MgCl 2 ·6H 2 O, 1.4 g MgSO 4 ·7H 2 O, 0.33 g KCl, 0.25 g NH 4 Cl, 0.14 g CaCl 2 ·2H 2 O, 0.45 g KH 2 PO 4 , 1.0 mL trace element solution SL-10, 10 mL vitamin solution, and 0.5 mL resazurin (0.02%) (Kaster and Voordouw, 2006 ). The gas phase was N 2 /CO 2 (80/20, v/v) and the medium was supplemented with 4 g NaHCO 3 adjusted to 7.0. For cultivation of acetoclastic methanogens, sodium acetate (30 mol/L) was added to the medium. Hydrogen oxidation was tested using a gas phase of H 2 /CO 2 (80/20, v/v) at 100 kPa overpressure. Media were dispensed into Hungate tubes which were subsequently sealed with butyl rubber stoppers. Solid media for roll-tubes and slants were prepared by including 15 g·L -1 agar in the medium. Vials were autoclaved at 121 °C for 20 min and stored at 60 °C 2 S (1.5 mmol/L) was used as a reducing agent. Immediately after inoculation (5%), the vials were placed on an ice bath to make a roll tube. Two replicate tubes were inoculated per dilution, and the vials were incubated at 45 °C for 30-45 days. Isolation of pure cultures was performed by picking colonies grown in an anaerobically prepared solidified medium as described by Ollivier et al (1997).
Fermentative bacteria
Fermentative growth was tested on 28 mol/L fructose (Grabowski et al, 2005) . The same basal medium as described in 2.6.1 was used for enrichment of fermentative bacteria. Organic substrates were added from separate, anaerobically prepared, stock solutions.
Nitrate-reducing bacteria
Nitrate-reducing bacteria in produced water were enumerated by the most-potable-number (MPN) method using Durham tubes (Li et al, 1997) . The modified nitrate broth (NB) was prepared under strict anoxic conditions to grow nitrate-reducing bacteria. The medium included (per liter distilled water): 20 g peptone, 10 g beef extract, 1.0 g KNO 3 , 5 g NaCl, 0.7 g KCl, 10 g MgCl 2 ·6H 2 O, 5.4 g MgSO 4 ·7H 2 O, 1.0 g CaCl 2 ·2H 2 O, pH 7.2-7.5. Two replicate tubes were inoculated per dilution and incubated at 30 °C for 15 days. Counts of nitrate-reducing bacteria were based on gas production in Durham tubes. Denitrifying bacteria were isolated from the N 2 O-accumulated tubes in the highest or
Biosurfactant producing bacteria
Biosurfactant-producing bacteria were primarily enumerated and screened using blood agar plates containing incubated at 37 °C for 48 h. Haemolytic activity was detected as the presence of a definite clear zone around a colony. Growth experiments were performed in 250-mL Erlenmeyer flasks, each containing 30 mL medium including (per liter distilled water): 7.0 g (NH 4 ) 2 SO 4 , 3.8 g Na 2 HPO 4 ·12H 2 O, 3.5 g KH 2 PO 4 , 0.7 g MgSO 4 ·7H 2 O, 0.5 g yeast extract, and 20.0 g glucose. The flasks were incubated at 28 °C on a rotary shaker at 240 rpm. Surface tension of the cell-free culture was determined by using a Fisher surface tensiometer (model 20).
Hydrocarbon oxidizing bacteria
Hydrocarbon oxidizing bacteria were selected and screened by modified mineral salt medium with 1% liquid paraffin (w/v) as the sole source of carbon (Rozanova and Nazina, 1982) . The mineral medium used contained (per liter distilled water): 1.0 g (NH 4 ) 2 SO 4 , 3.0 g Na 2 HPO 4 , 2.0 g KH 2 PO 4 , 0.2 g MgSO 4 ·7H 2 O, 0.01 g CaCl 2 , 0.01 g FeSO 4 ·7H 2 of straight-chain hydrocarbons (n-alkane) containing 10 to 18 carbon atom per molecule. Solid media contained 15 g·L -1 agar. Bacterial counts were determined by cultivation on agarised media using the spread plate method. The inocula of 0.1 mL of appropriate dilutions were plated in triplicate. The plates were incubated for 5-7 days at 45 °C. The grown colonies were enumerated and the average counts being calculated per milliliter of water.
Polymer producing bacteria
Selective medium for enumeration and cultivation of presumed biopolymer producing bacteria composed of (per liter of medium): 40 g sucrose, 0.5 g NaNO 3 , 1.0 g yeast extract, 0.5 g KH 2 PO 4 , 0.25 g MgSO 4 ·7H 2 O, pH 7.0. Solid media were prepared by the addition of 15 g·L -1 agar. Wet and viscous colonies were picked up and preliminarily considered as the biopolymer producing bacteria. The capacity for biopolymer production of the isolates was preliminarily detected by fermentation at 45 °C for 72 h. The viscosity of the fermented broth was determined by using a Brookfield with a spindle (0.5 rps) at 30 °C.
Polyacrylamide degrading bacteria
Basal mineral salt medium supplemented with hydrolysed polyacrylamide (HPAM) (0.75 g per liter medium) as the sole source of carbon and nitrogen was used for selection of HPAM degrading bacteria. The mineral medium used was previously recommended by Ma et al (2008) . 15 g·L -1 agar were added in the medium to prepare solid plate. The plates were incubated for 5 days at 45 °C, and the colonies that can grow on the selective plates are considered as the presumed HPAM utilizing bacteria. The HPAM degrading ability was tested with fermentation at 45 °C for 5 days in the liquid culture. The decrease in viscosity of the broth was determined Around 10-90 single colonies with variety of morphotypes were randomly selected from each functional group. The genomic DNA from pure culturable isolates was extracted by standard proteinase K, sodium dodecyl sulfate, phenolchloroform procedure. In brief, the cells were collected by centrifugation at 8,000 rpm for 2 min and resuspended in 597 μL of TE buffer, and then 30 μL of 10% SDS and 3 μL of proteinase K (20 mg·mL -1 ) were added. The mixture was incubated for 1 h at 37 °C followed by 10 min at 65 °C with 100 μL of 5 mol/L NaCl and 80 μL of 10% CTAB/NaCl added. An equal volume of chloroform-isoamyl alcohol (24:1) extraction was performed and the mixture was centrifuged at 6,000×g for 10 min. Precipitation with an equal volume of isopropanol was followed by centrifugation 16,000×g for 20 min. The DNA was resuspended in 30 μL of TE buffer. 16S rDNAs were then amplified by PCR using archaea-specific (751f-1406r) or bacteria-specific (27f-1492r) primers. PCR products were then screened by restriction fragment length polymorphism (RFLP) analysis using enzymes Rsa I and Hae III. The representative phylogenetic types were selected for partial 16S rDNA sequencing. Phylogenetic analysis of cultured isolates was performed as described in 2.5.
Results
Physiochemical characteristics of the Daqing
Daqing Oilfield is a mesothermic reservoir with bottom hole temperatures of 40 to 45°C. The total dissolved solids of formation water collected from the three kinds of production blocks varied from 5,367 to 7,496 ppm and were slightly alkaline in pH (Table 1) . Produced water belonged to sodium bicarbonate water type with a NaCl concentration around 3-4 g·L -1 . Saline connate water has been diluted by freshwater that have been injected into the wells, which could explain their low salinity and high bicarbonate content. 
Bacterial 16S rDNA libraries
A total of 596 positive clones were selected from bacterial libraries, and were clustered into 85 operational taxonomic units (OTUs) by ARDRA analysis, with 28 OTUs in the polymer flooding reservoir library, 41 in the water flooding reservoir library, and 33 in the transitional zone library. As a H' value, and the S-W indices calculated from the other two samples were relatively low (Table 2) .
ARDRA analysis of microbial community structure in produced water
Microbial diversity associated with produced water was analyzed by constructing bacterial and archeael 16S rDNA libraries and further ARDRA analysis. Bacterial and archeael 16S rDNA libraries of three water samples were constructed using PCR and DNA extracted directly from produced water as template. Dominant OTUs with more than one sequence were selected for sequence analysis. Sequences were blasted in the GeneBank Database, and phylogenetic trees were constructed based on the sequenced 16S rDNA and their relatives in the database (Fig. 1) . All the sequenced phylotypes in bacterial libraries showed 93% to 97% similarity to previously determined rDNA sequences (Table 3 ). However, of 22 sequenced phylotypes, 7 OTUs had less than 97% identity to closest matches in GenBank and probably represent novel genera or species. The bacterial group in the produced water was dominated by some mesophilic members, including Acinetobacter, Arcobacter, and Pseudomonas, together with some thermophilic genera, such as Moorella thermoacetica (Firmicutes), and Sulfurospirillum. Among these five groups, Acinetobacter and Pseudomonas were found in all three samples.
The relative contributions of different phylogenetic groups to bacterial communities were shown in Fig. 2 and polymer flooding reservoir, and the transitional zone 16S rDNA libraries revealed a marked disparity in representation. Samples from wells treated with polymer had the simplest bacterial composition and the lowest diversity. The most frequent phylogenetic group, accounting for 85% of the Acinetobacter.
The remaining dominant OTUs are mainly assigned to Pseudomonas (7%). The water flooding reservoir was also dominated by Acinetobacter (62%), and the bacteria closely related to Pseudomonas and Sulfurospirillum composed 20% and 6% of the library, respectively. Different from the former two, the samples from the transitional zone was dominated by Arcobacter (50%), followed by Acinetobacter (19%) and Firmicutes (18%). 
Archaeal 16S rDNA libraries
Only 28 archaeal OTUs were identified from a total of 252 positive clones with 10 OTUs in the polymer flooding reservoir library, 17 in the water flooding reservoir library and 11 in the transitional zone library ( Table 2) .
The sequenced 8 OTUs only clustered within 3 phylogenetic groups, with Methanosaeta as the dominating groups (65%). The phylogenetic trees were constructed based on the sequenced 16S rDNA and their relatives in the database (Fig. 3) . Four distinct ARDRA patterns were revealed from Methanosaeta, all of which were closely (96%-99%) affiliated with species Methanosaetathermophila. Methanolinea and some unknown genus in phylum Crenarchaeota accounting for 19.4% and 8.7% of the library, respectively. Approximately 6.7% of the OTUs were represented by only one clone. Archaeal community structures in three produced water samples are quite similar, and all of the archeael libraries were dominated by Methanosaeta. Relative contributions of different phylogenetic groups to archaeal communities were shown in Fig. 4 and Table 4 . 
Isolation and identification of functionally distinct groups
In addition to the phylogenetic surveys, we used enrichment cultures to directly examine the metabolic diversity of functionally distinct isolates. Seven distinct groups were selected in this study, and the representative strains were listed in Table 5 .
Methanogens
The cell numbers of cultivable methanogens were relatively low and varied between 10 0 to 10 2 . The water flooding reservoirs have the highest cell number of methanogens. We randomly selected a total of 10 isolates from three samples for 16S rDNA sequence analysis. Results showed that of the 10 sequences, 4 phylogenetic groups were identified. However, only two isolates from water flooding sample, identified as Methanothermobacter thermautotrophicus and Methanoculleus receptaculi respectively, were functionally related to methanogens. The other two phylopytes were phylogenetically associated with Tepidanaerobacter syntrophicus and Coprothermobacter proteolyticus.
Fermenters
The numbers of fermentative bacteria in produced water are relatively high and in the magnitude of 10 4 . A total of 107 isolates with variety of morphological types were selected and the 16S rDNA amplicons were screened by RFLP analysis (Rsa I and Hae III). Five unique phylotypes were obtained and one representative strains of each phylotype were selected for further 16S rDNA sequencing. The representative isolates were highly similar (>98%) to known cultivated species, most of which have been previously isolated from oil-bearing ecosystems. The fermentative bacteria in the Daqing Oilfield were phylogenetically diverse in virtue of the fact that they fell within 5 different genera, which were identified as Pseudomonas, Haloanaerobium, Alcalibacter, Arcobacter, and Pannonibacter, respectively. Isolates with higher similarity (100%) to Pseudomonas putida BBAL5-01
Nitrate-reducing bacteria
Nitrate-reducing bacteria recovered from the three produced water samples of the Daqing Oilfield were in a different order of magnitude. The transitional zone sample had the largest number of anaerobic nitrate-reducing bacteria.
by RFLP analysis. 16S rDNA sequence analysis of the representative strains of each phylotype indicated that isolates originated from water flooding reservoir demonstrated 97% to 100% similarity to genus Pseudomonas, but fell within different species. Four phylotypes were detected in polymer Pseudomonas putida two distinct phylotypes were enriched from transitional zone. Of these two phylotypes, the isolates related to Pseudomonas stutzeri the physicochemical differences between formations.
Hydrocarbon oxidizing bacteria
Medium with paraffin as the sole source of carbon was used for enrichment of hydrocarbon oxidizing bacteria (HOB). The number of indigenous HOB in produced water was only approximately 10 1 . A total of 90 isolates with variety of morphotypes were randomly selected and were clustered into 8 unique phylotypes by restriction enzyme digestion. One strain per phylotype was selected for partial 16S rDNA sequencing. Results indicated that most of the isolates were highly similar (>98%) to known cultivated species. Only one phylotype was identified from water flooding reservoir, and it was 98% similar to Pseudomonas putida BBAL5-01. The HOBs in the polymer flooding reservoir are more diverse with 5 distinct phylotypes, and there was no overlap with the Micrococcus luteus with 100% similarity. Isolates originated from the transitional zone sample were clustered into 3 phylotypes, with one shared with
Biosurfactant producing bacteria
Since biosurfactant producing bacteria usually have the haemolytic activity, haemolysis has been used as an initial criterion for the isolation of biosurfactant producing bacteria. Blood agar plate was used for primary enumeration of biosurfactant producing bacteria, and haemolytic activity a colony. The numbers of isolates with haemolytic activity originated from individual produced water are quite different. The polymer flooding reservoir and the transitional zone sample have a relatively high level of haemolytic isolates, injected into that reservoir. The preliminary detection of HPAM degrading capacity most representative strains ranged from 30% to 45% (detailed data were not shown). While, strain AP14 could be taken as the most promising HPAM-degrading bacteria with the degradation rate of up to 71.1%. Interestingly, some isolated strains were simultaneously detected in different functional groups, and even more, from different produced water samples. The most common strain was the isolates (FW5, DW9, HW11, BP34, PW7, and AW13) closely related to Pseudomonas putida BBAL5-01, which was found in all the tested functional groups except Pseudomonas stutzeri reducing bacteria, biosurfactant-producing bacteria, and polymer-producing bacteria. Acinetobacter haemolyticus BA56 represented by DT20 and BP25 was functionally related to both nitrate-reducing and biosurfactant-producing bacteria.
Discussion
The objective of this study was to investigate the microbial community structure and functionally distinct groups of a mesothermic oil-bearing formation in the production water. However, this kind of mesothermic (45 °C) petroleum system is not widespread in China. Actually, most of the oil fields in China are characterized as hightemperature petroleum reservoirs. The fluid temperature of (also located at the central part of China) varied between 55-90 °C (She et al, 2005; Nanita et al, 2006) . The formation of China) ranged from 60 to 80 °C (Yuan et al, 2008) . Moreover, to our knowledge there are few such mesothermic petroleum reservoirs distributed in all over the world (Pham et al, 2009) . They have been grouped either into hightemperature or into low-temperature oil reservoirs (BonchOsmolovskaya et al, 2003; Grabowski et al, 2005; Orphan et al, 2000; Voordouw et al, 1996) . Consequently, this unusual a unique microbial composition, which has not yet been well characterized before.
Microbial community composition in the Daqing Oilfield and comparison with organisms previously
Compared to soils, sludge, and some other environmental samples, the microbial diversity is comparatively low in produced water samples from the petroleum reservoir. The bacterial and archaeal diversities (S-W index) calculated based on ARDRA analysis varied from 1.66 to 2.76 in produced water from the Daqing Oilfield (Table 2 ). This apparently low diversity might be attributed to the extreme conditions of the subsurface petroleum reservoir environment. The water flooding reservoir had a relatively high bacterial and archaeal diversity compared with polymer flooding only in the magnitude of 10 1 . A total of 60 isolates with haemolytic activity were screened by RFLP analysis and 10 unique phylotypes were distinguished. Isolates with distinct digestion patterns were further identified by 16S rDNA sequencing. Although there are physicochemical differences among three water samples, isolates with identical RFLP patterns were isolated from different water samples. Isolate with higher similarity (99%) to Agrococcus jenensis reservoir and transitional zone, and isolates associated with Acinetobacter haemolyticus BA56, Pseudomonas putida BBAL5-01, and Pseudomonas stutzeri PTG4-15 were shared zone.
However, not all isolates with haemolytic activity can produce biosurfactants. Preliminary tensiometer studies revealed that, of the 10 representative isolates listed in Table 5 , only BW6, BW21, BP25, BP29, BP34 showed the ability for biosurfactant production. After 36 h incubation, the surface tension of the growth medium was reduced from initial values of 60.2 mN·m -1 to 25.6, 37.9, 38.4, 38.6, and 39.5 mN·m -1 in cell free media by BW6, BW21, BP25, BP29, and BP34, respectively.
Biopolymer producing bacteria
Biopolymer producing bacteria have important applications in oil recovery by selective plugging the high-permeability thief zones. In this study, basal mineral salt medium supplemented with sucrose were used for cultivation of presumed polymer producing bacteria. Wet and viscous colonies were picked up and preliminarily considered as biopolymer producing bacteria. The numbers of biopolymer producing bacteria in all three samples were nearly in the same order of magnitude (approximately 10 5 cells per milliliter). Ninety isolates were clustered into 9 the transitional zone. 16S rDNA sequence analysis of the representative strains of each phylotype showed that most biopolymer producing bacteria in the water flooding and polymer flooding reservoirs are phylogeneticly associated with Pseudomonas, while transitional zone was dominated by Bacillus.
Preliminary detection of the capacity for biopolymer production showed that 5 representative isolates could contribute positively to an increase of broth viscosity after 5-day fermentation. The viscosity of the broth could be increased from original value of 1.34 maps to 1,414, 300.4, 1,274, 192.2, and 230 .5 maps by PW5, PW7, PW9, PT6, and PT21, respectively.
Polyacrylamide degrading bacteria
Enrichment of HPAM degrading bacteria with HPAM as the sole source of carbon and nitrogen led to the isolation of strains phylogenetic associated with Pseudomonas, but which were from different species. The cell number of and the transitional zone were much higher than that in the pressure of the high concentration of HPAM that had been reservoir and transitional zone samples (Table 2) , which may have resulted from the selective pressure of polymer injected into the oil reservoir. Bacterial composition in the water flooding reservoir, polymer flooding reservoir, and transitional zone 16S rDNA libraries revealed a marked disparity in representation, with Acinetobacter as the reservoir libraries, and phylotypes related to Arcobater as the dominant member in the transitional zone library. This may due partly to the different oil recovery manner and the physicochemical heterogeneity. While in contrast with the bacterial composition, the archaeal community structures of the three produced water samples are quite similar. This may be explained by the fact that methanogenesis, mediated by methanogens, is the terminal process of the oil reservoir food methanoarchaeal community is very small.
The bacterial 16S rDNA gene library of the formation fluids from the Daqing Oilfield was dominated by known mesophilic (Acinetobacter and Pseudomonas) genera, rather than thermophilic microorganisms usually founded in hightemperature petroleum system. The first reason may lie in the shallow, mesothermic reservoir conditions in the Daqing continued for more than 40 years, which implies that it is an open system. The injection water was recycled from the water produced from the reservoir and was not sterile during this operation; therefore a number of microorganisms originally present in the surface environment may have been introduced into the reservoir along with the re-injected water. Some microorganisms may remain in the cooler portions of the reservoir, such as in the bottoms of injection wells, or along the wall of production wells (Orphan et al, 2000) .
Acinetobacter-related clones appeared to be the most dominant members in bacterial community of the produced water samples from the Daqing Oilfield. This genus has been previously detected in high-temperature, sulfur-rich oil reservoirs in California (Orphan et al, 2000) , but not as the predominant group. Pseudomonas-like clones seems to be a common component of oil-bearing subsurface environments in Chinese petroleum systems. The proportion of Pseudomonas in total bacterial clones is up to 62%, 80.7%, and 85.5% in Dagang, Huabei, and Shengli Oilfields, respectively (She et al, 2005; Li et al, 2007; Yuan et al, 2008) . This genus has also been found in a number of high-temperature and low-temperature petroleum reservoirs worldwide (BonchOsmolovskaya et al, 2003; Orphan et al, 2000; Pham et al, 2009 ). Pseudomonas has a broad range of metabolic capabilities and probably plays a role in the trophic web of oil-bearing ecosystems, which may explain their widespread distribution and frequent detection.
Arcobacter-related clones were second in abundance in the bacterial library and were only detected in transitional zone samples. High proportions of Arcobacter-related phylotypes have been frequently reported in 16S rDNA environments (Grabowski et al, 2005; Pham et al, 2009; Voordouw et al, 1996; Sette et al, 2007) . Interestingly, the bacterial community of produced waters in a low-temperature biodegraded oil reservoir in Canada was entirely composed of sequences highly similar to a 16S rRNA gene sequence from Arcobacter genus (Grabowski et al, 2005) . Some members in genera Arcobacter were presumed to be functionally related with nitrate reduction and sulfide oxidation (Voordouw et al, 1996; Sette et al, 2007) . The apparent abundance of these Arcobacter-related phylotypes implied that their corresponding organisms might contribute to nitrogen and sulfur cycles in oil reservoirs, especially in the transitional zone.
The only described species within the phylum Firmicutes is closely affiliated with Moorella thermoacetica, which was identified from the transitional zone sample. Moorella thermoacetica, formerly described as Clostridium thermoaceticum, was originally isolated from thermal habitats (Drake and Daniel, 2004 ), but not yet described from oil reservoir systems. Moorella thermoacetica was also considered as a model acetogenic bacterium that has been widely used for elucidating the Wood-Ljungdahl pathway of CO and CO 2 Sulfurospirillum was only detected in the water flooding reservoir library, and the members from this genus were mainly related to functional groups targeting nitrate-reducing and sulfide-oxidizing bacteria (Hubert and Voordouw, 2007) .
Methanogen phylotypes are the frequently detected members in the archaeal library from subsurface oil reservoir ecosystems. Methanomicrobia-related clones can utilize H 2 + CO 2 or acetate as the sole energy source, and have contributed to methane production in most petroleum reservoirs. Members of the acetoclastic genus Methanosaeta most dominant group in archaeal libraries of produced water from the Daqing oil field, followed by hydrogenotrophic genus Methanolinea, and some unknown Crenarchaeotes. Two phylotypes revealed from Methanosaeta were closely related with cultivated species Methanosaetathermophila sp. ST-MET-2 (Table 3) , which has been previously isolated from oil storage tanks (Kaster and Voordouw, 2006) . Methanosaeta thermophila is known as a thermophilic obligatelyaceticlastic methane-producing archaeon, and present in many anaerobic habitats, such as anaerobic digesters, 1992). However, no strains of this species have so far been isolated from oil reservoir samples. One of the phylotypes detected in phylum Crenarchaeota showed low similarity (87%) with thermophilic member Thermofilum pendens Hvv3, DSM 2475, which has been previously isolated from produced fluid from Niiboli Oilfield (Kjems et al, 1990) . It could be deduced that thermophilic members were one of the dominant groups in the archaeal library of the Daqing oil reservoir ecosystem, which indicates that these phylotypes might be the "true" indigenous microorganisms residing in deep-surface oil reservoirs, not introduced by injection water. The phylotypes detected in phylum Crenarchaeota which known species suggested that the microbial community in the In most of the previous studies, hydrogenotrophic methanogens were usually considered as the dominant methanoarchaeal lineages in oil-bearing environments (Magot et al, 2000; Orphan et al, 2000; Grabowski et al, 2005) . However, the prominence of acetoclastic methanogens has also been discussed by several previous studies, which coincide with our results. Groups related to the acetoclastic genus Methanosaeta have been previously reported as the one of the dominant methanogens in a low-temperature Canadian petroleum field (Grabowski et al, 2005) . Pham et al (2009) also indicated that relatives of acetoclastic methanogens outnumbered lithotrophic methanogens by ratios of 6:1 in an Alaska mesothermic petroleum reservoir. Here, we have shown that both hydrogenotrophic and acetoclastic methanogens were present in the produced water and were likely to have contributed to methane production in the Daqing oil reservoir. But acetoclastic methanogenesis may serve as a rather more important, and perhaps dominant, terminal electron sink in this ecosystem.
The cultivated functional strains and comparison to 16S rDNA directly recovered in libraries
The functionally distinct groups were isolated from produced water with the selective culture method, and the cultured assemblages were compared to the community The two cultivated methanogens isolated by the rolltube method did not match the dominant methanogenic level. The dominant methanoarchaeal lineages obtained by the culture-independent method were affiliated with the genus Methanosaeta and Methanolinea (Table 3) , while, the two cultivated methanogens isolated from water flooding sample were clustered within Methanothermobacter and Methanoculleus (Table 5 ). But Methanoculleus, Methanosaeta and Methanolinea are all clustered within class Methanomicrobia, and even more, Methanoculleus and Methanolinea Methanothermobacter thermautotrophicus has been previously detected in high-temperature oil reservoir systems with distinct phylotypes had been simultaneously isolated of these two isolates showed that they were phylogeneticly associated with Tepidanaerobacter syntrophicus (AB106354, 99%) and Coprothermobacter proteolyticus (CP001145, 99%). These two isolates are not "true" methanogens, but are the potential partner bacteria of methanogens in the process of methanogenic degradation by syntrophic cooperation to explain the failure of isolation of methanogens from water samples obtained from polymer flooding reservoirs and the The most dominant phylogenic division generated from bacterial libraries was closely related to genus Acinetobacter, with Acinetobacter johnsonii as the most frequent detected species (Table 3) . However, no cultivated functional strains isolated in this study were affiliated with Acinetobacter johnsonii. Additionally, Acinetobacter haemolyticus, which was absent from bacterial library, has been detected in several types of functional groups (nitrate-reducing, biosurfactantproducing and polymer-producing groups). Only phylotypes identified as Acinetobacter junii were detected both in Pseudomonas in the bacterial library was determined as Pseudomonas stutzeri based on the closest matched cultivated species, but with relatively low similarities (<97%) ( Table 3) . Representative isolates closely Pseudomonas stutzeri were widespread in different functional groups, including fermentative, nitratereducing, biosurfactant-producing, polymer-producing, and polyacrylamide degrading bacteria. However, these cultured Pseudomonas stutzeri isolates only showed species-level similarity due to the fact that they had different strains as the Pseudomonas putida and some other species in genus Pseudomonas, which have been frequently enriched by selective medium, were not detected by the culture-independent method.
Arcobater in the bacterial library, only one Arcobater-related isolate was retrieved as a fermentative bacteria. Also, there bacterial library and the isolates closely related to several species in Bacillus, Micrococcus luteus, and Pannonibacter phragmitetus, although they had common occurrence in the majority of cultivated functional groups.
The facts described above indicated that the cultivation and molecular-based approaches each sampled a different subset of the community. The lack of cultivated isolates in clone libraries may indicate that these fast-growing organisms are not a dominant component of the in situ reservoir assemblage. Alternatively, they may have been amplification, although the universal primers used were negative enrichments of the dominant groups detected in clone libraries. First, maybe they are not functionally related to any phynotypical groups tested in this study. And secondly, even if they were associated with certain functional groups, to the medium and incubation conditions we selected. Taking Arcobacter and Sulfurospirillum for example, members of these two genera are possibly involved in the process of nitrate reduction and sulfide oxidation. However, they had not been isolated from the produced water samples by the culture conditions selected in this study. To obtain more comprehensive information on the indigenous functional groups in oil reservoir, substantial efforts for cultivation of the "uncultured" microorganisms will be necessary.
Potential use of indigenous isolates in oil field (especially in MEOR)
The first production from an oil well is the result of the pressure of the earth's overburden on the oil-bearing formation or by pumping. As this primary production declines, some of the wells are converted to injection wells and either water flooding or sometimes gas flooding operations are implemented. Even after this secondary production effort has reached its economic limit, two-thirds of the original oil in place is still left in the ground and tertiary measures may be employed. These include chemical enhanced oil recovery (CEOR) methods such as polymer flooding, surfactant flooding, alkaline flooding, etc. or the use of thermal measures such as injection of steam or in situ combustion. However, CEOR methods turned out to be for the recovery of raw materials. This is why scientists looked for a cost-effective alternative and discovered the same in MEOR, which exploits microorganisms for the production of all the chemicals as mentioned above. MEOR, to be economically viable, demands the use of microbial strains, which have the ability to produce biosurfactants, biopolymers, acids, gases and solvents to perform the job of recovering residual oil by fermenting cheaper raw materials, Methanogens and fermentative bacteria are widely distributed in low and high temperature oil fields (Bonchet al, 1993) . They can ferment carbohydrates to produce gases such as CH 4 , O 2 and H 2 , and thus, can contribute to pressure build-up in a pressure-depleted reservoir and reduce viscosity of crude oil. Additional effects of this bacteriainduced fermentation process include the production of acids, such as acetic and propionic acids and the production of solvents, such as acetone, ethanol, 1-butanol and butanone. Both gases and solvents can dissolve the carbonate rock, thereby increasing its permeability and porosity (Brown, 2010) . Methane production activity of the two indigenous methanogens isolated from this study, Methanothermobacter thermautotrophicus MW74 and Methanoculleus receptaculi MW90, were primarily tested by anaerobic cultivation and the gas chromatography determination. Results suggested 2 as the substrate (unpublished data).
Biosurfactants play a major role in MEOR by reducing of reservoir rock for water-flood to displace more oil from the capillary network. Microorganisms which can produce biosurfactants usually phylogenitically associated with Pseudomonas, Bacillus, Arthrobacter, Rhodococcus, and
Pseudomonas aeruginosa BW6 was the most promising biosurfactant-producing strain. Biosurfactants produced by this strain could reduce the surface tension of the broth from -1 after 36 h of growth. The biosurfactants were found to be functionally stable at varying pH (2.5-11) conditions and temperature of 100 ºC. The chemical structure of the biosurfactants produced by BW6 was preliminarily determined as rhamnolipid by TLC (thin layer (unpublished data). More powerfully and meaningfully, in our preliminary experiment, BW6 could produce biosurfactants under anaerobic conditions, and thus provide the possibility of in situ production of biosurfactants in the oil reservoir.
Biopolymers have been used in MEOR experiments plugging approaches, biopolymers plug high-permeability which water is pumped into injection wells in the reservoir in order to force the oil up to the surface bypassing the oilpreferentially enter the reservoir along high-permeability pathways. Biomass growth in those laminae plugs the pore throats, thus decreasing the permeability in what had once the viscosity of the growth medium could be dramatically isolate Pseudomonas stutzeri PW5. However, extensive research should be focused on the chemical structure analysis oil-production industry for initiating oil biodegradation in overexploited oil reservoirs. The growth of HOB is accompanied by the formation of some compounds that exhibit oil-displacing properties (CO 2 , organic acids, alcohols, biopolymers, surfactants, and others); this may be used as a basis for the development of biotechnologies for the production wells and bioremediation of contamination caused by crude oil. The n-alkane degradation capacities of the 8 representative strains isolated in this research were primarily determined by the gravimetric method. Results showed than 80%, with Pseudomonas putida HW11, Micrococcus luteus HP25, and Pseudomonas pseudoalcaligenes HT17 (unpublished data). This in itself was very promising, since applied in tertiary oil recovery in the Daqing Oilfield. The discharge of wastewater containing high concentrations of HPAM will result in some severe environmental problems. Thus, effective decomposition of HPAM is an important issue when HPAM is used as a driver for oil exploitation.
degrading strain isolated from the present study, Pseudomonas lubricans al, 2008) and hence, could be a most promising candidate for treatment of HPAM-containing wastewater produced by of steel and steel alloys by production of the toxic and corrosive gas hydrogen sulphide (H 2 souring, which again leads to poor gas quality and oil-water accompanied by a considerable decrease in the concentration of nitrates (2,000 ppm nitrate was nearly 100% removed from the broth). Among the products of nitrate reduction, we detected nitrite and molecular nitrogen (unpublished data).
Pseudomonas putida DW9 together with nitrate could dramatically inhibit the sulfide production (nearly 100% of sulfide was removed from the -2 -1 ) (unpublished data). the most commonly studied bacterial group from oil field study, since our study was aimed at revealing the "good" indigenous microorganisms in the Daqing oil reservoir, but Daqing Oilfield has been previously studied by Wei et al consisted of Desulfovibrio sp. and Desulfovibrio profundus.
Garciella nitratireducens, was isolated from formation water produced by water flooding process in the Daqing Oilfield (Wang et al, 2008) .
What should be considered is the widespread occurrence of close relatives to Pseudomonas putida BBAL5-01 within varying functional groups (nitrate-reducing bacteria, fermentative bacteria, and biosurfactants and biopolymer producing bacteria, and also, polyacrylamide degrading bacteria in petroleum reservoirs and may have a significant impact on biogeochemical cycles in oil reservoirs. Extensive research is required for physical and biochemical mechanisms for its ecological function should be further studied.
Conclusions
culture based methods, the present study, for the first time, systematically evaluated the composition of microbial communities and indigenous functional groups associated with a shallow, mesothermic and low-salinity oil reservoir sequences, several lineages did not match the cultured isolates exactly, which implies they may be annotated as the new phylotypes. A vast pool of promising strains with distinct resident microorganisms will contribute to the promotion of applications in microbial enhanced oil recovery.
